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Available online 17 December 2013AbstractThe aim of this study was to assess the effects of two modes of antecedent flexibility conditioning on neuromuscular and sensorimotor
performance during a subsequent episode of exercise-induced muscle damage (EIMD). Twenty-four males (age 20.9  2.3 years; height
1.78  0.06 m; body mass 72.3  7.4 kg, mean  SD) were randomly assigned to interventions comprising 6 weeks of thrice-weekly flexibility
conditioning of the hip region and knee flexor musculature in the dominant limb involving proprioceptive neuromuscular facilitation (n ¼ 8),
passive exercise (n ¼ 8), or no exercise as a control (n ¼ 8). Musculoskeletal, neuromuscular, and sensorimotor assessments were carried out at
baseline, after conditioning, and before and up to 168 hours after damaging exercise of the ipsilateral knee flexors. Flexibility conditioning and
EIMD elicited transient performance decreases in volitional electromechanical delay (up to 40.1% compared to baseline; 67.5  12.3 milli-
seconds vs. 47.9  9.7 milliseconds, mean  SD, 48-hour post- vs. pre-EIMD; p < 0.01), passive hip flexibility (up to 19.9%; 96.7  8.2 vs.
120.7  11.0, p < 0.001) and sensorimotor capability (manifold error increase to 10.8%; 10.8%  6.9% vs. 0.3%  3.7%, p < 0.05) and
exceeded the effects of eccentric exercise alone. EIMD-related performance decreases were especially prominent when preceded by passive
flexibility conditioning, and were sufficiently potent following both modes of antecedent conditioning to raise concerns about compromised
capability for rapid and dynamic stabilization of synovial joints.
Copyright  2013, The Society of Chinese Scholars on Exercise Physiology and Fitness. Published by Elsevier (Singapore) Pte Ltd. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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5Introduction
Skeletal muscle is susceptible to ultrastructural damage
following unaccustomed high-intensity eccentric exercise.1,2
Exercise-induced muscle damage (EIMD) may be attributed
to excessive stressing of relatively small numbers of active
motor units and fibers,3 particularly type II fast-twitch fibers,4
whose recruitment also corresponds to the most rapid and* Corresponding author. School of Health Sciences, Queen Margaret Uni-
versity, Edinburgh EH21 6UU, UK.
E-mail address: ngleeson@qmu.ac.uk (N. Gleeson).
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1728-869X/$ - see front matter Copyright  2013, The Society of Chinese Scholars on Exer
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-ndforceful activation patterns and net joint moments. This
process may be especially prominent in patterns of functional
activity for which musculoskeletal systems such as the knee
joint have been operating at vulnerable positions near to full
extension6 and have been activating muscle eccentrically at
relatively long lengths, corresponding to the plateau or
descending limb of the muscle forceejoint angle curve. In this
scenario, an increased number of sarcomeres lengthen to the
point of no myofilament overlap. Subsequent failure to re-
interdigitate leads to disrupted sarcomeres and EIMD.7e11
Major functional consequences of EIMD are immediate and
involve prolonged reductions in peakmuscle force ranging fromcise Physiology and Fitness. Published by Elsevier (Singapore) Pte Ltd. This is an open
/4.0/).
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to 20%, and decreases of approximately 25% in the rate of force
development.16e18 Corresponding changes in athletic perfor-
mance can include a 2e3% reduction in sprint speed over
10 m,19 a 10e15% increase in contact time during plyometric
drop jumping, a 9% decrease in jump height during squat
jumping, a 5% decrease in counter-movement jump perfor-
mance,20 and decrements in sensorimotor performance.21
Thus, the capability of the neuromuscular system to resist
threats of injury posed by external forces applied to synovial
joint systems may also be compromised under these circum-
stances. Serious musculoskeletal injuries in pre-season
training22 may be associated with EIMD, since any decondi-
tioning during the prior extended rest period23,24 could have
exacerbated susceptibility to EIMD and injury.25 Similarly,
exercise challenges during rehabilitation programs inherently
represent unaccustomed and strenuous tasks for a recently
restored musculoskeletal system possessing low physiological
capacity. This has given rise to clinical concerns that routine
EIMD provocation during the rehabilitation process may
attenuate the recovery of the neuromuscular system to optimal
levels of performance capacity and hinder dynamic stabiliza-
tion of the musculoskeletal system.26
Flexibility and stiffness of muscle and connective tissue
could be important determinants of the extent of EIMD
symptoms. For example, increased passive hamstring muscle
stiffness is associated with reduced flexibility as assessed in
the straight-leg-raise range of motion (ROM) and with more
severe symptoms of damage.27 Evidence from cross-sectional
studies suggests that the greater flexibility and compliance of
children’s muscles may explain why peak muscle force occurs
at longer muscle lengths in children than in adults and why
boys suffer less severe symptoms of EIMD than men do.28
Conditioning for flexibility offers potential amelioration of
the apparent negative symptoms associated with EIMD. Prior
conditioning might lead to a greater number of sarcomeres in
series within the muscle29 and decrease the length of indi-
vidual sarcomeres as the muscle operates at any given length
and joint position. Thus, less severe EIMD symptoms would
be expected because fewer sarcomeres would be operating in
mechanically vulnerable positions. Passive stretching of the
musculature involved and stretching following proprioceptive
neuromuscular facilitation (PNF) involving static activations
of the stretched muscle as an antecedent to optimized
muscular relaxation have become popular modes of condi-
tioning in contemporary practice owing to their efficacy.8,30
Mechanical loading of the knee joint can often exceed the
tensile capacities of the passive structures31 during strenuous
activities. As a consequence, greater reliance may be placed on
the timely responses, functioning, and protective capabilities of
the surrounding musculature to maintain joint integrity.32e38
Sensorimotor performance has been defined as the ability to
scale volitional force and joint positioning precisely,35 and su-
perior capability has been associated with protection from
injury.36e38 Electromechanical delay (EMD) is an important
aspect of motor performance and the reaction time between the
onset of electrical activity and the onset of tension in skeletalmuscle.39 It is associated with propagation of action potentials
through muscles and, importantly, the rate of stretching of the
series elastic component (SEC).40 EMD performance may also
be influenced by the loading of viscoelastic structures,which can
cause creep within the affected tissue and modulation of the
neuromuscular performance characteristics of the associated
musculature.41e43 It has been shown that conditioning-related
enhancement of flexibility and concomitant decreases in the
stiffness of muscle and connective tissue negatively influence
EMD.44 By contrast, conditioning of sensorimotor performance,
effective afferent and efferent signaling, and musculature acti-
vation characteristics would be expected to favorably affect the
capability to scale and regulate motor responses precisely. This
might be especially important at end-range joint positions, in
which the majority of serious ligament injuries occur.6,38,44
A potentially interesting paradox is that while conditioning-
related effects of increased compliance within joint- and
muscle-related connective tissue might usefully moderate the
severity of EIMD, they might also result in a hypercompliant
system that would be less likely to be capable of restraining high
joint loads rapidly enough to prevent ligamentous injury.
Furthermore, it is biologically plausible that conditioning- and
EIMD-related changes in joint flexibility and the mechanical
compliance characteristics within the joint system might
adversely affect sensorimotor performance and the capability to
scale and regulate force, limb positioning, and other motor re-
sponses precisely.45,46
While there has been evidence from two studies of a trend
towards an increase in flexibility of the hamstring muscle
group offering some protection from strength loss at long
muscle lengths following EIMD,47,48 no study to date has
investigated the interactive effects of conditioning for flexi-
bility and EIMD on the capability for rapid neuromuscular
activation and sensorimotor performance.
The aim of this study was to assess the effects of two modes
of antecedent flexibility conditioning of the hip region and
knee flexor musculature on musculoskeletal and sensorimotor
performance during a subsequent bout of EIMD in males.
MethodologyParticipantsTwenty-four men (age 20.9  2.3 years; height
1.78  0.06 m; body mass 72.3  7.4 kg, mean  SD) gave
informed consent to participate in the study. All participants
were regularly involved in exercise (at least 3 times per week)
and were asymptomatic at the time of assessment. Participants
were instructed to refrain from strenuous physical activity for the
24 hours prior to testing. Assessment protocols were approved
by the Institutional Ethics Committee for Human Testing
(University of Wales Bangor, UK).Experimental proceduresFollowing habituation procedures, participants completed a
standardized warm-up of 5 minutes of cycle ergometry (90 W)
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involved.
The experimental design involved a mixed-model approach
and comparison of the responses of three randomly allocated
independent groups to: (1) a single-leg exercise intervention
for the preferred leg, with a contralateral limb and time-
matched experimental control, to verify the extent of
conditioning-related changes in two types of flexibility; and
(2) a subsequent treatment condition involving a single-leg
EIMD intervention with a contralateral limb experimental
control.
Passive hip flexibility, peak force, volitional EMD (EMDV),
magnetically evoked EMD (EMDE), and sensorimotor per-
formance (force and position errors) capabilities were assessed
in the knee flexor musculature in both the preferred and
contralateral control limb of participants before and immedi-
ately after: (1) an intervention condition comprising 6 weeks
of twice-weekly flexibility conditioning8,47 of the hip region
and knee flexor musculature in the preferred limb (defined as
the limb preferred for kicking of a ball with maximum ve-
locity) involving PNF (n ¼ 8), passive exercise (n ¼ 8), or no
conditioning as a control (n ¼ 8); and (2) a 6-week no-exercise
control undertaken prior to conditioning. The control period
allowed estimation of the extent of random biological varia-
tions in outcomes and any intrusions from systematic effects
such as learning. The duration used for flexibility conditioningFig. 1. Schematic of the protocol for assessing the effects of antecedent proprioce
neuromuscular and sensorimotor performance during exercise-induced muscle damis efficacious8 and is commensurate with the time availability
for both pre-season conditioning for professional sports and
physiotherapeutic rehabilitation. Assessments of the knee
flexor musculature of both preferred and contralateral control
limbs were also performed before and at 1, 24, 48, 72, and 168
hours after the EIMD protocol.
Flexibility conditioning treatments (control and interven-
tion) were separated by 1 week. The control treatment was
performed first to avoid any potential carryover effects. Par-
ticipants were verbally encouraged during periods of maximal
muscle activation in a standardized manner. The protocol is
illustrated schematically in Fig. 1. After completion of the
experiment, the flexibility conditioning protocol was repeated
for the contralateral leg to minimize the likelihood of any
muscle imbalances that could potentially contribute to future
injuries.PNF flexibility conditioningThe protocol used a contracterelaxeagonistecontraction
method to minimize autogenic inhibition, myotatic reflexes,
and neural activity in the musculature involved,30,49 and was
administered by two people. It required the participant to lie in
a supine position. The preferred limb was slowly moved
passively by the first administrator to the end point of its ROM
in hip flexion while maintaining full knee extension and theptive neuromuscular facilitation (PNF) and passive flexibility conditioning on
age.
110 N. Gleeson et al. / Journal of Exercise Science & Fitness 11 (2013) 107e117dorsiflexion of the foot to 90. During the latter maneuver, the
participant’s contralateral control limb was held by the second
administrator in full knee extension, in contact with the sup-
port surface and with the ipsilateral hip joint in a neutral po-
sition. The participant verbally signaled unwillingness to
tolerate any further increases in ROM for the joint involved.
The participant then performed a maximal voluntary
contraction of the antagonist muscle group (knee flexors and
hip extensors) of the preferred limb for 10 seconds while the
leg was held in the standardized position at the end point of its
ROM in hip flexion. The administrators gave strong verbal
encouragement in a standardized manner to the participant
during each contraction. This procedure was followed by a
period of relaxation of 5 seconds in duration. The participant
was then required to activate the agonist muscle groups (knee
extensors and hip flexors) maximally and, assisted by the first
administrator, move the limb being conditioned to a new and
improved end-point position. This new position was held for
10 seconds. This procedure was repeated twice more. Main-
tenance of the end-point position for 10 seconds followed
literature recommendations on the experimental effect size for
improvements in flexibility.8Passive flexibility conditioningFollowing a similar protocol to that described for PNF
flexibility conditioning, participants undertaking passive flex-
ibility conditioning had the preferred limb taken slowly and
passively by the first administrator to the end point of its ROM
in hip flexion. The end-point position was maintained
passively by the administrator for a 10-second period and was
followed by 5 seconds of relaxation. This procedure was
repeated twice more.EIMD protocolThe EIMD protocol consisted of a warm-up (five sub-
maximal and five maximal eccentric activations) of the knee
flexors of the preferred leg, followed by six sets (each sepa-
rated by 1 minute) of 10 repetitions of maximal eccentric
activations (60/second; movement range from 80 to 10 of
knee flexion, where 0 represents full extension) using an
isokinetic dynamometer (Kin-Com, 500 H, Chattecx, Chatta-
nooga, TN, USA) with the participant in a sitting position.
Participants were requested to contract the knee flexors
maximally to resist knee extension on each repetition and were
given verbal encouragement and real-time visual feedback by
means of a computerized visual display.Assessment of passive hip flexibilityParticipants lay supine on a padded mat with both legs
splinted to prevent knee flexion. A Leighton flexometer
(Spokane, WA, USA) was attached to the lateral epicondyle of
the femur and the assessor flexed the hip through to the
maximum ROM tolerated by the participant; the contralateral
limb was held straight and in contact with the ground. Themean of three estimates of ROM (0.5) was used for sub-
sequent analysis. The same protocol was used to assess the
passive hip flexibility of the contralateral limb; the order of
limb assessment was randomized.Assessment of neuromuscular performanceParticipants were secured in a prone position on a purpose-
built dynamometer33 with the knee flexed to a functionally
relevant angle of 25 (where 180 represents full extension),
which is associated with the greatest mechanical strain on key
ligaments.50 The bilateral lever arms of the dynamometer were
attached to the participant’s legs via padded ankle cuffs and
adjustable strapping just proximal to the lateral malleolus.
Further strapping was placed across the mid-thoracic spine,
pelvis, and posterior thigh proximal to the knee. The axes of
rotation of the dynamometer and the knee joint were aligned
as closely as possible. Following a series of submaximal
warm-up muscle activations, an auditory signal was given
randomly within 1e4 seconds to instruct the participants to
flex the knee joint as rapidly and forcefully as possible against
the immovable restraint offered by the apparatus (load cell
615, Tedea-Huntleigh, Cardiff, UK). Another auditory signal
was given to the participant after 2e3 seconds of maximal
voluntary muscle activation (MVMA) to cue neuromuscular
relaxation. Each MVMA was separated from the next by at
least 10 seconds.
Supra-maximal magnetic stimulation of the sciatic nerve
(L4eL5) with associated activation of the knee flexors was
achieved by means of double-wound coil (120 mm) powered
by a Magstim 200 stimulator (Magstim, Whitland, UK). The
protocol used to elicit and verify supra-maximal stimulation
was in accordance with methodology described previously.44
In brief, the magnetic coil was placed over the L4eL5 re-
gion and small iterative changes in the coil position were made
that were commensurate with the increasing size of responses
during a series of discrete stimulations. The optimum site for
stimulation of the nerve was defined as the site that elicited the
largest twitch force and M-wave amplitude. Supra-maximal
stimulation was verified by visual inspection of the data dur-
ing a sequence of seven discrete stimulations of increasing
intensity, starting at 40% of the maximal stimulator output and
increasing in 10% steps to 100%, and retrospective analyses of
M-wave and peak twitch-force data.44 This optimized coil
position was manually maintained throughout the remainder of
the test. Three supra-maximal stimulations (100% of stimu-
lator output), each separated by 10 seconds, were delivered to
obtain three estimates of magnetically evoked neuromuscular
performance.Indices of neuromuscular performanceStatic peak force (PF) was recorded as the mean score of
the highest force response achieved during three intra-trial
replicates. Compensation procedures for gravitational errors
in forces recorded in the vertical plane were undertaken
immediately prior to testing. EMDV and EMDE were
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activity and the onset of force (mean of three intra-trial esti-
mates). The onsets of force and electrical activity were defined
as the first time point at which the recorded signal consistently
exceeded the 95% confidence limits for the background
electrical noise amplitude in quiescent muscle.44Assessment of sensorimotor performanceAll assessments were performed in the prone position, as
described above. Familiarization and learning (details
described below) for sensorimotor performance tasks took
place the day before the control period. Brief refamiliarization
of each task was performed on each assessment occasion.
Force error (FE) was evaluated during a series of five brief
muscular activations and relaxations (1 Hz) in which the aim
was precise and blind attainment of a target force (50% of PF
at 25 of knee flexion) using the knee flexors. The FE extent
describes the bias or constant error around a target force and
lower scores reflect better sensorimotor performance. During
learning, participants received only standardized verbal feed-
back during practice target matching (50% PF) and learned to
self-perceive the performance outcomes on an arbitrary mea-
surement scale without units. The task was deemed to have
been learned once the participant was capable of consistently
producing 10 trials in which seven or more scores showed
errors within  2.0 N of the blind target force (approximately
to the 99% confidence limits of the technical error associated
with the load cell system). FE was computed as
FE ¼ [(observed performance score  target performance
score) / target performance score]  100%, and the mean error
for five serial trials was used for subsequent data analysis.
Positional error (PE) was assessed by five brief serial recip-
rocal movements (1 Hz) aimed at precisely reproducing
specified knee angles. From a reference angle (90), each
participant extended the knee to a specified target angle (25)
and then returned it to the reference angle without visual
feedback. Familiarization and learning procedures were
similar to those described for FE. The target angle was learnt
in a blinded fashion and learning was verified to a prescribed
level of precision (2). The dynamometer was equipped with
digital optical encoders for angle positioning and interfaced to
the computerized recording system. PE was described as mean
discrepancy from the target across five intra-trial replicates
and expressed as a percentage relative to the target knee
flexion angle as PE ¼ [(observed performance score  target
performance score) / target performance score]  100%.Indirect markers of muscle damageSubjective scores for muscle soreness and blood samples
were obtained before each assessment occasion. Participants
rated soreness on a 100-cm visual analog scale following
stretching and active knee flexion. Statements on the scale
included “my muscles do not feel sore at all” and “my muscles
feel so sore that I do not want to move them”, corresponding to
numerical ratings of 0 and 10, respectively.Whole fresh blood (30 mL) was collected via fingertip
capillary puncture into heparinized tubes and pipetted onto test
strips for analysis of plasma creatine kinase (CK) activity by
colorimetry (Reflotron, Boehringer Mannheim, Mannheim,
Germany). CK values were used as an indirect measure of
muscle ultrastructural integrity and data were subjected to
logarithmic transformations for statistical analysis.26Statistical analysisThe effect of the two modes of flexibility conditioning on
hip flexibility was assessed using separate two (condition:
control or conditioning) by two (time: pre or post) by two
(limb: involved or contralateral) by three (group: passive, PNF,
or control) mixed-model analysis of variance (ANOVA) with
repeated measures for the first three factors. Assumptions
underpinning the use of ANOVAwith repeated measures were
checked and violations were corrected using Green-
houseeGeisser adjustment of the critical F-value, as indicated
by the subscript GG. Statistical analyses were performed using
SPSS version 19 (SPSS Inc., Chicago, IL, USA) and signifi-
cance was set to p < 0.05.
Effects of EIMD on each measure of neuromuscular per-
formance (PF, EMDV, EMDE, FE, PE, hip flexibility) were
evaluated using separate six (time: pre or 1, 24, 48, 72, or 168
hours after) by two (limb: involved or contralateral) by three
(group: passive, PNF, or control) mixed-model ANOVA with
repeated measures for the first two factors.
Perceived soreness and CK levels were assessed by separate
six (time: pre or 1, 24, 48, 72, or 168 hours after) by two (limb:
involved or contralateral) by three (group: passive, PNF, or
control) mixed-model ANOVAwith repeated measures for the
first two factors.
The experimental design offered an approximate power of
0.80 for avoiding a type II error for a least detectable differ-
ence of 16 N for PF, 5 milliseconds for EMDV, 2.5 millisec-
onds for EMDE, 6% for FE, 8% for PE, and 1.5
 for hip
flexibility.
ResultsPassive hip flexibilityA significant three-factor interaction showed that while
passive hip flexibility was preserved during the control period,
in the contralateral limb, and within the performance of the
control group, both flexibility conditioning programs elicited a
similarly significant improvement in hip flexibility compared
to baseline performance (passive: 99.6  5.0 vs.
89.1  5.2; PNF: 120.1  16.4 vs. 94.4  18.6, group
mean score  SD; F[1,21] ¼ 14.0; p < 0.01). Prior to the
antecedent conditioning interventions, passive hip flexibility
did not differ between the groups (F[2, 21] ¼ 0.15; p > 0.5).
A significant leg  time interaction (F[5, 105] ¼ 2.8;
p < 0.01) showed that while passive hip flexibility was pre-
served in the contralateral leg, EIMD intervention elicited
similar levels of transient reductions in flexibility compared to
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most prominent between 48 and 72 hours following eccentric
exercise; actual reductions in passive hip flexibility were up to
18.8%, 13.2%, and 19.9% for control, passive, and PNF
conditions, respectively, compared to baseline levels. Thus, the
antecedent PNF and passive flexibility trained groups, who
had been more flexible than the control group at baseline prior
to the EIMD intervention (F[2, 21] ¼ 15.4; p < 0.001), main-
tained this difference throughout recovery. Group mean pas-
sive hip flexibility scores for the intervention leg under each
experimental condition are presented in Fig. 2A.CK and perceived sorenessFollowing the EIMD intervention, log CK levels exhibited
a main effect for time (F[5, 105] ¼ 12.1; p < 0.001), which
showed that there were similar patterns of transient increases
in plasma CK in each experimental condition and that the
EIMD protocol had been effective. These increases
commenced at 24 hours and were most prominent at 72 hours
(Fig. 2B).
A significant leg  time interaction (F[5, 105] ¼ 4.0;
p < 0.01) showed that while perceived soreness remained
absent in the contralateral leg, EIMD intervention elicited
similar levels of transient increases in perceived soreness
compared to baseline among the antecedent PNF, passive, and
control conditions. Peak increases in perceived soreness were
recorded at 48 hours following eccentric exercise. Group mean
peak soreness scores for the intervention leg under each
experimental condition are presented in Fig. 2C. Taken in
conjunction with the PF results, the overall patterns forFig. 2. Neuromuscular performance of the knee flexors for three antecedent flex
passive; control) during exercise-induced muscle damage (group mean  SD; som
kinase. (C) Perceived muscle soreness. (D) Peak force performance.changes in symptoms of muscle damage suggest that the
EIMD protocol had been effective.Peak forceA significant condition  leg  time interaction (F[10,
105] ¼ 7.2; p < 0.01) showed that while PF was preserved in
the contralateral leg, EIMD intervention elicited transient re-
ductions in PF compared to baseline that were less potent and
recovered more quickly in the antecedent PNF and passive
conditions than in the control condition. Peak reductions in
force capability were noted at 48 hours following eccentric
exercise and amounted to approximately 41%, 25%, and 19%
for the control, passive and PNF conditions, respectively,
compared to baseline levels. Group mean peak force scores for
the intervention leg under each experimental condition are
presented in Fig. 2D. Prior to the EIMD intervention, PF did
not differ between groups (F[2, 21] ¼ 0.1; p > 0.5). Overall
group mean scores were 313.4  82.7 N and 304.2  73.5 N
for the knee flexor musculature of intervention and contralat-
eral limbs, respectively, across conditions for a knee flexion
angle of 30.EMDV and EMDEA significant condition  leg  time interaction (F[10,
105] ¼ 6.5; p < 0.01) showed that while EMD performance
capability was preserved in the contralateral leg, EIMD
intervention elicited transient increases in EMD compared to
baseline in all conditions and these changes were most
prominent in participants who had undertaken the passiveibility treatment conditions (proprioceptive neuromuscular facilitation, PNF;
e SD bars removed for clarity). (A) Passive hip flexibility. (B) Plasma creatine
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tions. Increased EMD scores were most prominent at 48 hours
following eccentric exercise and represented increases of
40.1% (67.5  12.3 milliseconds vs. 47.9  9.7 milliseconds),
29.9% (61.3  13.1 milliseconds vs. 47.2  11.1 millisec-
onds), and 23.8% (58.7  10.2 milliseconds vs. 47.4  9.9
milliseconds) in latency compared to baseline for passive,
PNF, and control conditions, respectively. EMDV remained
significantly increased among all conditions throughout the
assessment period. Group mean EMDV scores for the inter-
vention leg under each experimental condition are presented in
Fig. 3A. The results show that EMDE performance was not
influenced significantly over time by the EIMD intervention.
The overall group mean score for EMDE was 22.6  4.7
milliseconds across conditions (Fig. 3B).FE and PEThere was a significant condition  leg  time interaction
for FE performance (F[10, 105] ¼ 6.4; p < 0.05), which showed
that while this aspect of sensorimotor performance capability
was preserved in the contralateral leg, EIMD intervention
elicited transient decreases in performance compared to
baseline in all conditions, and these changes were most
prominent in participants who had undertaken passive flexi-
bility conditioning compared to control and PNF conditions
(Fig. 3C). The effects of the eccentric exercise intervention
contributed up to an error of approximately 10% to sensori-
motor performance capability (FE at 48 hours post-EIMD,Fig. 3. Neuromuscular and sensorimotor performance of the knee flexors for three an
passive; control) during exercise-induced muscle damage (group mean  SD; som
Electromechanical delay (evoked). (C) Force error. (D) Position error.passive group). A marginal equivalent interaction was noted
for PE performance (F[10, 105] ¼ 2.8; p ¼ 0.062), suggesting a
trend towards similar patterns for dynamic PE due to EIMD
(up to 13% error at 48 hours post-EIMD, passive group;
Fig. 3D).Discussion
The absence of substantive changes in performance capa-
bility over the control period and for the contralateral limb
during the experimental period for each index indicates that
there were no systematic or learning effects and that perfor-
mance variations can be attributed to the antecedent flexibility
conditioning and EIMD interventions.
The antecedent passive and PNF conditioning programs of
6 weeks in duration were equally effective in eliciting im-
provements in passive hip flexibility. The magnitude of the
improvements in passive hip flexibility observed was bio-
statistically large (relative experimental effect size > 1.5) and
biologically meaningful (>20% improvement in group mean
scores compared to baseline) and was congruent with sub-
stantively plastic changes within the connective tissue struc-
tures, including molecular reorganization to increase length,
increased mechanical compliance within joint- and muscle-
related connective tissue, and transient weakening of the tis-
sue before adaptation.
When considered independently, these improvements in
passive hip joint flexibility may represent beneficial and
enhanced protection against the risk of injury.51 However, astecedent treatment conditions (proprioceptive neuromuscular facilitation, PNF;
e SD bars removed for clarity). (A) Electromechanical delay (volitional). (B)
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length and mechanical compliance may provoke hyper-
compliance within the musculoskeletal system, involving
increased muscle response times in the initiation of corrective
forces, which is less likely to be capable of restraining high
joint loads rapidly enough to prevent ligamentous injury.52
These effects may be especially important at knee flexion
angles for which key ligamentous structures are already under
the greatest mechanical strain.50 Furthermore, when consid-
ered in conjunction with the effects of cyclical loading of
viscoelastic tissue during sporting and work-related pursuits,
the latter processes may contribute to extra injury risk because
compliance characteristics and reflexive muscular activity may
be further adversely affected.43
The eccentric exercise protocol induced muscle damage
characterized by increases in plasma CK and perceived sore-
ness and a prolonged decrease in PF of the knee flexors. The
EIMD intervention elicited transient reductions in PF
compared to baseline that were less strong (peak 25% and
19% reductions) and recovered more quickly in the PNF and
passive conditions, respectively, than in the control condition
(peak 41% reduction compared to baseline). If, as hypothe-
sized, PNF and passive flexibility conditioning resulted in an
increase in the number of sarcomeres in series, then it would
be reasonable to expect that this change would have afforded
some protection from EIMD and that this effect would be most
evident at long functional muscle length such as that used in
the current study (30 of knee flexion). The increase in the
number of sarcomeres in series would tend to decrease the
length of individual sarcomeres and result in fewer operating
beyond an optimal length, with associated increased vulnera-
bility to damage.11
While there was a trend for better maintenance of strength
at long muscle length following EIMD in the flexibility-
trained groups, there was no evidence that increased flexi-
bility offered protection from soreness or overall musculo-
skeletal stiffness. Similar levels and patterning of transient
increases in plasma CK, perceived soreness, and passive hip
flexibility compared to baseline were noted among the PNF,
passive, and control conditions.
It is interesting to note that most of the flexibility
conditioning-related gains in performance in the passive and
PNF groups (w20% increase compared to baseline) were
transiently negated approximately 48 and 72 hours after
eccentric exercise by peak reductions in passive hip flexibility
(13.2e19.9% reduction). When considered separately, this
might be interpreted as an indication of a transient loss in
protection from musculoskeletal injury associated with
improved flexibility characteristics of the joint system previ-
ously elicited by conditioning.
However, the net effects of EIMD and antecedent condi-
tioning for increased flexibility are likely to be complex,
involving interactive responses to conditioning-related
conformational changes to tissue and to more acute and
transient changes in the compliance characteristics of the tis-
sue caused by EIMD. For example, the flexibility conditioning
programs we used focused on the inclusion of long-duration,low-force stretches rather that short-duration, high-force bal-
listic efforts to optimize the relative proportions of physio-
logical stimuli within a stretch, producing plasticity
adaptations rather than changes in tissue compliance. Plastic
changes within connective tissue structures include confor-
mational changes in length due to molecular reorganization
and transient weakening of the tissue before adaptation.
Conversely, compensatory adaptations involving shortening of
some sarcomeres as compensation for those that have been
overly-stretched and irreversibly damaged following eccentric
exercise11 might stretch the elastic component in series with
the contractile component, and may elicit a greater residual
SEC stretch. Furthermore, possible intra-muscular swelling
observed in several investigations following eccentric exer-
cise53,54 may also induce stretching of the SEC by distension
of the musculature. These underlying mechanisms may also
affect the maximum muscular activation and the rate at which
dynamic stabilization of a joint system can occur.
EMD offers insight into the capability of the musculo-
skeletal system to counteract potentially harmful dynamic
forces in a timely manner by the most rapid response of the
neuromuscular system. This capability may be more important
than strength capability per se in protecting ligamentous tissue
against injury.34,52,55 It is interesting to note that EMD per-
formance capabilities were substantively decreased following
eccentric exercise in all conditions, but these changes were
accentuated in participants who had undertaken passive flex-
ibility conditioning (40.1% reduction).
Processes involved in the conversion of excitation into
muscle force can potentially contribute to conditioning- and
damage-related changes in the rate of muscle activation and
force-generating capability observed in the current study. It is
believed that the majority of the EMD is determined by the
time taken to stretch the SEC,56 most of which is situated at
connective tissue attachments at the end of muscle fibers.
The differential changes in EMDV performance observed
between PNF and passive flexibility conditioning suggest
subtle but important differences in the adaptation of connective
tissue to the two modes of antecedent flexibility conditioning,
despite the similarity observed for the extent of improvements
in passive hip flexibility. For example, the passive conditioning
intervention was likely to have elicited substantial focal in-
creases in compliance. However, the net outcome of changes in
musculoskeletal stiffness and contractile tissue performance
associated with PNF flexibility conditioning was less pro-
nounced and had moderate performance effects on active as-
sessments of EMD following EIMD that essentially matched
those of the control group. It is conceivable that the static
maximal voluntary activations of the agonist musculature
associated with the PNF intervention were of sufficient dura-
tion and volume to have elicited increased stiffness in the in-
ternal structures of muscle tendon complex57 and ligamentous
connective tissue58 that might have counteracted much of the
increased compliance occurring solely as a result of passive
stretching of the connective tissue.
Preservation of the capability to initiate muscle force may
be part of vital neuromuscular compensatory mechanisms to
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earlier, the shift of optimal force production towards longer
muscle length,11,53 in conjunction with the potential facilita-
tory effects on EMD of SEC stretching, may also aid in the
conservation of neuromuscular performance following eccen-
tric exercise at joint angles for which key ligamentous struc-
tures are under the greatest mechanical strain.
Irrespective of the mechanisms underpinning the deteriora-
tion of performance, the extent of the impairment to EMD
observed, combined with decreased peak force capabilities,
would be expected to substantially compromise the ability of the
knee flexors to generate sufficient levels of force to counteract
rapid, dynamic loading and thus to preserve joint integrity.
It is especially noteworthy that EMDE performance was
preserved following EIMD intervention, despite compromised
EMDV performance and an expectation of preferential
recruitment5,22 and increased susceptibility of fast-twitch fi-
bers to damage during eccentric exercise.4,16 While the
experimental design of this study may not have been sufficient
to entirely exclude the possibility of a potential type II error
during detection of subtle changes in EMDE performance,
Strojnik and Komi59 also observed no impairment of electri-
cally evoked EMD of the knee extensors after prolonged
stretcheshortening in an inclined-sledge jumping protocol,
suggesting that preservation of this aspect of performance may
have biological underpinnings. Given that the stressful bouts
of eccentric exercise within the EIMD protocol were regulated
by volitional efforts, it is possible that protective inhibitory
processes may have limited the recruitment of the total pool of
fast-twitch, high-threshold motor units.52 These high-threshold
units may be preserved from damage and would thus be
subsequently available to contribute to the maintenance of
evoked performance or to protective responses in a patient or
sportsperson when a true emergency scenario is perceived.
Reduced sensorimotor performance, including the ability to
scale volitional force and joint positioning precisely, has been
associated with increased risk of musculoskeletal injury via
compromised capabilities of the musculature to act synergis-
tically and facilitate dynamic stabilization of a joint system.37
Increased flexibility has been linked to a greater number of
sarcomeres in series in muscle.47 A greater number of sarco-
meres in series would decrease the length of individual sar-
comeres at any given muscle length, leading to the optimal
angle for force production at longer muscle lengths. Similarly,
flexibility conditioning may potentially elicit decreased stiff-
ness of the tendoneaponeurosis complex, which would
enhance its capability to absorb strain imposed by active
lengthening, thereby relieving strain on the muscle fibers.27
Such conformational changes in the structure of connective
tissue associated with improvements in flexibility may have
been suspected of being capable of subtly disrupting the per-
formance of proprioceptors such as tendon organs and re-
ceptors within the structures of synovial joints. Alongside
exteroreceptors, the latter sensory machinery contributes to a
the capability of a synovial joint to organize rapid forceful
responses to disturbances, to determine its position, and to
distinguish between self-generated and imposed movements.5Importantly, EIMD elicited transient decreases in sensori-
motor performance and the capability to scale volitional force
precisely compared to baseline in all conditions. The latter
changes were most prominent in participants who had under-
taken passive flexibility conditioning (w10%) compared to
control and PNF conditions. A similar trend for reduced pre-
cision in the scaling of joint position was noted. This suggests
that the functionally important capability of a joint system to
scale and regulate motor responses precisely at vulnerable
end-range joint positions was compromised by EIMD. In
conjunction with the effects of passive flexibility conditioning
in particular, there may be a failure in the sensorimotor per-
formance associated with a joint to compensate for substantive
conditioning-related changes to the length of its connective
tissue structures and likely changes to its compliance and
neuromuscular activation characteristics.
The magnitude of the transient deterioration in EMD per-
formance associated with EIMD and passive flexibility con-
ditioning in particular was biostatistically large (relative
experimental effect size > 1.5) and approached the lower limit
of fatigue-related deterioration in EMD performance sus-
pected of contributing to musculoskeletal injury.34 The
strength of these changes considered alongside those for the
deterioration of sensorimotor performance, which has been
causally linked to injury36 and transient loss of strength and
passive hip flexibility, indicates a potential for increased risk
of injury. This concern in relation to the use of antecedent
passive flexibility conditioning and eccentric exercise would
also apply to the use of PNF conditioning, but to a lesser
extent.
Many athletes might be expected to experience aspects of
these latter effects and a commensurate increased risk of
musculoskeletal injury to a lesser or greater extent, depending
on specific needs and the manifold requirements for condi-
tioning within contemporary sports practices. Contemporary
rehabilitation programs routinely feature the use of passive
joint movements as a means to enhance joint mobility and
flexibility while managing the tensile loading of surgically
reconstructed ligamentous tissue or shear and compressive
loading on joint surfaces to protect avascular autogenous
grafts.60 It may be an interesting paradox that while this
approach to enhancing flexibility may protect joint health in
the acute phases of rehabilitation, the practice may ultimately
exacerbate and carry over a vulnerability to injury in subse-
quent phases of rehabilitation involving accelerated progress
towards the resumption of functionally relevant activities and
EIMD. Our findings offer an important consideration that is
relevant for informed choice by clinicians and exercise sci-
entists regarding optimized rehabilitation practice and inter-
vention strategies.
In conclusion, our study has shown that conditioning-related
increases in the flexibility of the hamstring muscle group led to
some protection from strength loss following EIMD. Never-
theless, the combined effects of flexibility conditioning and
EIMD elicited significant transient decreases in neuromuscular
activation and in musculoskeletal and sensorimotor perfor-
mance capabilities that exceeded the effects of eccentric
116 N. Gleeson et al. / Journal of Exercise Science & Fitness 11 (2013) 107e117exercise alone. The EIMD-related performance deterioration
was most prominent in participants who completed passive
flexibility conditioning, but was sufficiently strong following
both conditioning modes to raise concerns about commensurate
losses of capability for rapid and dynamic stabilization of
synovial joints during episodes of threat from injury.
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